Introduction
Olfactory nerve (ON) axons arising from olfactory receptor neurons expressing the same odorant receptor converge onto the same one or few glomeruli in each main olfactory bulb, where they synaptically terminate on the apical dendrites of mitral/ tufted cells and local juxtaglomerular (JG) neurons (for review, see Xu et al., 2000) . Individual glomeruli, therefore, represent the odor profile of the receptor expressed by the uniform cohort of olfactory receptor neurons that innervate it. Individual odorants elicit specific spatial patterns of glomerular activity, and different odorants activate different patterns of glomeruli (Jourdan et al., 1980; Cinelli et al., 1995; Johnson and Leon, 2000a,b; Belluscio and Katz, 2001) . Accordingly, each glomerulus is a functional unit for processing sensory input.
Synaptic integration within glomeruli involves multineuronal circuitry. Classic Golgi and electron microscopic studies (Pinching and Powell, 1971a,b) described at least three populations of JG neurons: (1) external tufted (ET), (2) periglomerular (PG), and (3) short axon (SA) cells, but little is known about the physiological characteristics of JG cells or their synaptic partners. Recently ET cells were found to have a distinctive physiological profile characterized by a spontaneous activity pattern consisting of rhythmically occurring bursts of action potentials (Hayar et al., 2004) . Rhythmical bursting is an intrinsic property of ET cells, in that it is independent of synaptic inputs. Much less is known about the physiology of PG and SA cells. One goal of the present study, therefore, was to characterize the spontaneous activity of PG and SA cells and to compare them with ET cells.
EM studies have shown that ON terminals form excitatory synapses with mitral and tufted cells and with an unknown population of PG cells (for review, see Kosaka et al., 1998) ; it is not known whether SA cells receive ON synapses. EM studies also indicate that there are extensive, intraglomerular dendrodendritic synapses between PG and presumed mitral and tufted cells, but to date it has not been possible to distinguish mitral and tufted cell dendrites at the EM level. Thus, it is not known whether ET cells receive ON synaptic input or whether ET cells synapse with PG and SA cells. A second goal of these experiments therefore was to determine whether ET cells receive monosynaptic ON input and whether ET cells are presynaptic to other JG neurons.
Single and paired whole-cell patch-clamp and extracellular recordings in rat olfactory bulb slices showed the following. 
Materials and Methods
Sprague Dawley rats (21-29 d old) of either sex were anesthetized with chloral hydrate and decapitated in accordance with Institutional Animal Care and Use Committee and National Institutes of Health guidelines. The olfactory bulbs were removed and immersed in sucrose-artificial CSF (sucrose-aCSF) equilibrated with 95% O 2 /5% CO 2 , pH 7.38. The sucrose-aCSF had the following composition (in mM): 26 NaHCO 3 , 1 NaH 2 PO4, 2 KCl, 5 MgSO 4 , 0.5 CaCl 2 , 10 glucose, and 248 sucrose. Horizontal slices (400 m thick) were cut with a microslicer (Ted Pella, Redding, CA) . After a period of recovery at 30°C for 15 min, slices were then incubated at room temperature (22°C) in aCSF equilibrated with 95% O 2 /5% CO 2 (composition in mM: 124 NaCl, 26 NaHCO 3 , 3 KCl, 1.25 NaH 2 PO 4 , 2 MgSO 4 , 2 CaCl 2 , and 10 glucose) until used. For recording, a single slice was placed in a recording chamber and perfused continuously at the rate of 1.5 ml/min with normal aCSF equilibrated with 95% O 2 /5% CO 2 . All recordings were performed at 30°C. Neurons were visualized using an upright microscope (Olympus BX50WI, Tokyo, Japan) equipped for epifluorescence and near-infrared differential interference contrast optics.
Patch pipettes were pulled from borosilicate glass capillaries with an inner filament (1.5 mm outer diameter; Clark, Kent, UK) on a pipette puller (P-97, Sutter Instrument Company, Novato, CA) and filled with a solution of the following composition (in mM): 134 K-gluconate, 4 NaCl, 4 MgCl 2 , 10 HEPES, 0.2 EGTA, 3 Mg 2 ATP, 0.3 Na 2 GTP, 0.02% Lucifer yellow, and 0.2% biocytin (Molecular Probes, Eugene, OR). Osmolarity was adjusted to 270 mOsm and pH to 7.3. Extracellular recordings were obtained using patch pipettes filled with aCSF. The pipette resistance was 5-8 M⍀. Dual recordings were made using two Axopatch-200B amplifiers (Axon Instruments, Foster City, CA). The junction potential was 9 -10 mV, and all reported voltage measurements are uncorrected for these potentials. Only neurons with access resistance Յ30 M⍀ were included in this study. No series resistance compensation was performed. The input resistance of recorded neurons was measured between Ϫ60 and Ϫ70 mV. Electrical stimulation (Grass S8800 stimulator, Astro-Med, West Warwick, RI) was performed using two stainless steel wires (50 m in diameter; A-M Systems, Everett, WA), insulated except at their tips, positioned in the ON layer. Isolated, constant-current stimulus pulses of 10 -200 A and 200 sec duration were applied. To compare response latencies of different JG cells with ON stimulation, the stimulating electrode was always placed in the ON layer immediately adjacent to the glomerulus where recordings were made.
Drugs and solutions of different ionic content were applied to the slice by switching the perfusion with a three-way electronic valve system. QX-314, gabazine, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), and (Ϯ)-2-amino-5-phosphopentanoic acid (APV) were purchased from Research Biochemicals International (Natick, MA).
Biocytin-filled cells were developed as described previously (Karnup and Stelzer, 1999) . Briefly, fixed slices were embedded in 10% gelatin and sectioned at 80 m thickness using a vibratome. The sections were reacted with 1% H 2 O 2 , 0.5% Triton X-100, ABC complex, and Ni-DAB chromagen. After dehydration, the sections were mounted in distrene plasticizer xylene. Two-dimensional reconstructions of filled neurons were made with Neurolucida software (MicroBrightField, Colchester, VT) .
Analog signals were low-pass filtered at 2 kHz (Axopatch 200B) and digitized at 5-10 kHz using a Digidata-1200A interface and pClamp8 software (Axon Instruments). The detection of events (extracellularly recorded spikes and intracellularly recorded EPSCs) was performed offline using Mini analysis program (Synaptosoft, Decatur, GA). The times of occurrence of events were stored in American Standard Code for Information Interchange (ASCII) files and imported into Origin 7.0 (Microcal Software, Northampton, MA) for further analysis using algorithms written in LabTalk. Event train cross-correlograms (bin ϭ 1 or 2 msec) were obtained using data acquired during 5-10 min in each recording condition. To compare the degree of correlation in different pairs, or in the same pair in different conditions, cross-correlograms were normalized to the firing rate of both cells, the bin width, and the sampling period (Mann-Metzer and Yarom, 1999) . Thus, the correlation coefficients ( C) indicate how frequently one cell fires synchronous spikes with another cell compared with chance (C ϭ 1). Cross-correlograms were normalized by dividing the counts in each bin by a coefficient ( N), which is the number of events expected by chance during one bin as follows: N ϭ F1 ϫ F2 ϫ P ϫ B, where F1 and F2 are the mean frequencies of events (in Hertz) in the first and second cell, respectively, P is the sampling period (in seconds) used for analysis, and B is the duration (in seconds) of one bin. For autocorrelograms, F1 equals F2. A coefficient of correlation ( C) of Ͼ1 ϩ 3 ϫ SD (i.e., confidence limit, Ͼ99.97%) indicates significant positive correlation, in which SD is the standard deviation of the cross-correlation of the spike trains at time lags between 1.5 and 2 sec (shift predictor method) (Gerstein and Perkel, 1972) . This method is based on the idea that most neuronal interactions occur on a short time scale and on the assumption that the time shift (1.5-2 sec) is much larger than the delay that is usually involved in neuronal interactions (Aertsen et al., 1989) .
Membrane potential cross-correlograms were constructed from 10 sec simultaneous recording samples from each pair of cells. Membrane potential traces were offset by their mean, and the spikes were truncated Ͼ10 mV from the mean; the traces were then reduced by group averaging to one point per 5 msec. Cross-correlograms of the conditioned traces were constructed and normalized by the square root of the product of the autocorrelation values of the two traces at zero lag time. Because spikes were removed by truncation and filtering, the coefficient of correlation (theoretical maximum ϭ 1) measures the degree to which changes in membrane potential of each cell were correlated. The coefficient of correlation of the membrane potentials (C m ) values were considered significant if they were at least three times higher than the SD of the C m values of the shuffled membrane potentials (confidence limit, Ͼ99.97%). Data, expressed as mean Ϯ SEM, were analyzed statistically using Origin 7.0 software, with paired t tests unless stated otherwise.
As for all slice studies, it is possible that some electrophysiological properties of JG cells differ from those in vivo because of differences in temperature, sensory input, and neurochemical milieu.
Results
Recordings were obtained from single or pairs of JG neurons. For whole-cell recordings, cells were simultaneously filled with Lucifer yellow for real-time visualization and biocytin for post hoc morphological analysis. JG neurons were classified morphologically as ET, SA, or PG cells on the basis of previous studies (Pinching and Powell, 1971a,b; Aungst et al., 2003; Hayar et al., 2004) . The electrophysiological properties of JG neurons were evaluated within a few minutes immediately after going into the whole-cell configuration, to minimize potential run-down effects (Hayar et al., 2004) . All neurons recorded were capable of generating action potentials.
ET cells spontaneously generate rhythmical bursts of action potentials
The morphological and physiological properties of ET cells have been detailed recently (Hayar et al., 2004) and are summarized briefly here to provide an entrée to the present experiments. ET cells have relatively large somata (area ϭ 88 Ϯ 8 m 2 ; n ϭ 25), a resting membrane potential of Ϫ53 Ϯ 1 mV, and an input resistance of 194 Ϯ 32 M⍀ (n ϭ 12). Morphologically, they are characterized by a primary dendrite with a tuft-like arborization that ramifies extensively in a single glomerulus (Figs. 1 A, 2A ; see Figs. 4 A3, 5A, B) and a single axon that exits the glomerular layer and courses toward the subjacent external plexiform layer. The most distinctive physiological characteristic of ET cells is that they spontaneously generate rhythmical bursts of action potentials in the theta frequency range (3.3 Ϯ 0.2 bursts/sec; range, 0.5-8.8 bursts/sec; n ϭ 110) (Fig. 1 F) . The bursts consist of clusters of two or more action potentials riding on a distinct slow depolarizing envelope (6.3 Ϯ 0.4 mV in amplitude; 101 Ϯ 7.6 msec in duration; n ϭ 26). Bursting in ET cells is attributable to voltage-dependent intrinsic membrane properties and does not require synaptic input (Hayar et al., 2004) .
PG and SA cells
The morphological characteristics of PG cells (n ϭ 33) (Figs. 1 B, 2C,D) and SA cells (Figs. 1C, 2B) (n ϭ 11) were distinct from ET cells. PG cells have a relatively small soma (mean, 47 Ϯ 10 m 2 ). They had either one to three relatively thick primary dendritic shafts giving rise to thinner branches that ramify within a single glomerulus or several very thin dendrites that ramify close to the soma. Spines were present on 60% of PG cells. SA cell bodies averaged 90 Ϯ 16 m 2 ; they have three to five (3.2 Ϯ 0.3) poorly branched dendrites that contact two to four glomeruli. The most prominent anatomical feature of SA cells (n ϭ 11) was their axonal arbor, characterized by relatively thin axons (Ͻ0.5 m diameter) that ramified up to 850 m exclusively within the glomerular layer. A more detailed description of SA cells has been reported recently (Aungst et al., 2003) .
The physiological properties of PG and SA cells also differed from ET cells. PG cells had resting membrane potentials ranging from Ϫ69 to Ϫ62 mV (Ϫ65 Ϯ 2 mV; n ϭ 48). Their input resistance (1054 Ϯ 106 M⍀; n ϭ 48) was significantly higher than ET cells ( p Ͻ 0.05; unpaired t tests). SA cells had resting membrane potentials of Ϫ62 Ϯ 1.3 mV and a mean input resistance of 642 Ϯ 114 M⍀. PG and SA cells had very different spontaneous ( Fig. 1 B, C ) and current-induced activity from ET cells. In contrast to the spontaneous rhythmic bursting of ET cells, PG and SA cells seldom generated spontaneous action potentials. Intracellular injection of depolarizing current in SA and PG cells induced single action potentials; further depolarization caused regular firing and eventually spike inactivation, but never rhythmic bursting. A small number of PG cells (7%; data not shown) responded to brief depolarizing current pulses with a sustained "plateau potential" that outlasted the depolarizing current pulses. Current injections never elicited slow, rhythmic depolarizations such as those in ET cells, suggesting that SA and PG cells lack the intrinsic capacity to generate rhythmic bursting. 
Spontaneous excitatory synaptic events in JG cells
The most distinctive feature of the spontaneous activity of SA and PG cells was that they exhibited bursts of EPSPs or EPSCs. Eightsix percent of cells in a random sample (n ϭ 14; 5 of 6 SA cells and 7 of 8 PG cells) exhibited spontaneous bursts of EPSPs or EPSCs; the remaining SA and PG cells (2 of 14) exhibited single EPSPs or EPSCs. Accordingly, the bursting mode of spontaneous synaptic activity was so characteristic for PG and SA cells that it was virtually diagnostic for distinguishing them from ET cells. In current clamp, the EPSP bursts sometimes triggered one or a few action potentials (Fig. 1 B, C) . In voltage clamp, bursts were defined as a cluster of four or more EPSCs occurring at a frequency of Ͼ100 Hz. On average, spontaneous synaptic bursts consisted of 14.1 Ϯ 1.6 EPSCs (range, 5-47 EPSCs; n ϭ 33 cells) and occurred at a rate of 2.0 Ϯ 0.2 bursts/sec (range, 0.5-4.5 bursts/sec; n ϭ 33 cells). The mean EPSC frequency in PG/SA cells was 22.1 Ϯ 2.0 Hz. In contrast, in ET cells only individual, randomly occurring EPSCs were observed. The difference in the pattern of spontaneous EPSCs in PG/SA versus ET cells was evident in autocorrelograms (Fig. 1, compare D, E) . The EPSCs in PG/SA cells exhibited a significant autocorrelation coefficient (see Materials and Methods) with a mean peak of 4.3 Ϯ 0.5 (range, 1.8 -7.3; n ϭ 11), whereas the autocorrelation coefficient did not reach significance in ET cells (1.3 Ϯ 0.1; range, 1.1-1.6; n ϭ 11). The frequencies of EPSC bursts in PG/SA cells overlapped with the lower half of the frequency range of spike bursts in ET cells (Fig. 1 F) , suggesting a correlation between spike bursts in ET cells and EPSC bursts in PG/SA cells.
Olfactory nerve synaptic input to JG cells
Because all three JG cell types have dendritic arbors within glomeruli, it is possible that they receive input from ON terminals. To investigate this, we first recorded the responses of ET cells to ON activation in voltage-clamp mode. In all 24 ET cells tested, ON stimulation evoked a single EPSC with an onset latency of 2.1 Ϯ 0.05 msec (Fig. 2 A, left panel) . ON-evoked EPSC onset latency was remarkably constant across all ET cells, with a mean SD of 87 Ϯ 9 sec (range, 52-115 sec; n ϭ 8 cells). The coefficient of variation (CV ϭ SD/mean), a measure of trial-to-trial variability of the evoked EPSC onset latency, was very low (0.04) in these cells. The short, invariant latency of the responses to ON stimulation suggests that the ET cells receive monosynaptic ON input (Doyle and Andresen, 2001) . In current-clamp recordings, perithreshold intensity stimuli elicited either a single, constant latency subthreshold EPSP or a suprathreshold EPSP that generated a burst of action potentials (Fig. 2 A, middle panel) . Thus, ON-evoked spike bursts in ET cells, like the spontaneous bursts in these cells (Hayar et al., 2004) , are all-or-none in nature.
ON stimulation evoked relatively long and variable latency bursts of EPSPs or EPSCs in all SA cells tested (n ϭ 18) (Fig. 2 B) . The onset latency of the first evoked EPSP or EPSC in SA cells was significantly longer (6.1 Ϯ 0.4 msec; n ϭ 12; p Ͻ 0.0001; unpaired t test) and 18-fold more variable (SD ϭ 1.57 Ϯ 0.35 msec; range, 0.40 -3.3 msec; n ϭ 8; p Ͻ 0.001) than that in ET cells. The CV for the ON-evoked onset latency (0.26) was six times higher than in ET cells. These observations indicate that SA cells do not receive monosynaptic input from the ON.
PG cells had mixed responses to ON stimulation. One population (79.7%; n ϭ 47 of 59 cells) responded with relatively long (5.5 Ϯ 0.56 msec) (Fig. 2C ) and variable latency EPSCs; the SD of the latency was 3.8 msec and the CV was 0.69. A second population of PG cells (20.3%; n ϭ 12 of 59 cells) responded at short, constant latency (2.3 Ϯ 0.18 msec) to ON stimulation with a synaptic "jitter" of Ͻ300 sec, consistent with monosynaptic input (Fig. 2 D) (Doyle and Andresen, 2001 ). In 9 of these 12 "monosynaptic" PG cells, the short-latency EPSC was followed by a burst of EPSCs consistent with a disynaptic or polysynaptic input. Taken together, these results indicate that ET cells receive monosynaptic input from ON terminals, whereas SA and the majority (ϳ80%) of PG cells have disynaptic or polysynaptic responses to ON input. Some (15.2%; 9 of 59 cells) PG cells receive both monosynaptic and polysynaptic ON input, and a few (Յ5%) receive only monosynaptic ON input. The proportion of PG cells that receive monosynaptic ON input (ϳ20%) could be somewhat underestimated, however, because PG cells have sparse dendrites that occupy a restricted portion of a glomerulus and may be more prone than ET cells to loss of ON synaptic input because of truncation in the in vitro slice.
ET cells provide excitatory input to PG and SA cells
The finding that ET cells fire rhythmic bursts of spikes whereas PG/SA cells exhibit spontaneous and ON-evoked bursts of EPSCs is consistent with the hypothesis that ON synapses excite ET cells, which in turn make excitatory synapses onto PG/SA cells. If correct, then spikes in ET cells should be correlated with EPSCs in PG/SA cells. To investigate this, we recorded spontaneous EPSCs from a PG/SA cell (n ϭ 19) in whole-cell voltage-clamp mode while sequentially recording extracellularly (cell-attached mode) spontaneous spike bursts from six to eight nearby ET cells. Spontaneous activity patterns monitored on-line indicated that up to six ET cells (mean ϭ three cells) had spike bursts that appeared to be correlated with the bursts of EPSCs in the PG/SA cell. The strength and temporal association of correlated activity was assessed off-line using cross-correlation and spike-triggered averaging analyses for 22 of 62 randomly selected ET-PG/SA pairs. As detailed next, these analyses revealed two distinct activity patterns among correlated ET-PG/SA cell pairs.
For 16 of 22 ET-PG/SA pairs, analysis of cross-correlograms revealed a broad range of correlated spontaneous activity (spikes and EPSCs) without a sharp peak, suggesting a variable latency between ET cell spikes and PG/SA cell EPSCs (Fig. 3A) . Analysis of cross-correlograms yielded a peak C value of 5.0 Ϯ 0.64 (range, 2.3-9.0; n ϭ 16) at a mean lag time of 8.0 Ϯ 2.6 msec (range, 0 -35 msec). In these same pairs, spike-triggered averages of EPSCs in PG/SA cells lacked a sharp peak. These findings suggest that activity among some ET-PG/SA cell pairs is strongly correlated but is not mediated by monosynaptic coupling; we refer to such pairs as correlated but nonsynaptically coupled.
In the remaining six ET-PG/SA pairs, there was a sharp peak in their cross-correlograms at a short lag time of Ͻ2 msec (i.e., first or second 1 msec bin) (Fig. 3B) . The peak coefficient of correlation, C ϭ 10.0 Ϯ 1.8, in these ET-PG/SA pairs was significantly higher ( p Ͻ 0.005; unpaired t test) compared with the nonsynaptically coupled pairs (Fig. 3C) . Spike-triggered averages in such pairs exhibited a sharp, short-latency peak (Fig. 4C, left) ; the latency between the spike in the ET cell and the EPSC in the PG/SA cell was 0.85 Ϯ 0.05 msec, consistent with monosynaptic input (Feldmeyer et al., 1999) . If ET cells provide monosynaptic excitatory input to PG/SA cells, then spikes evoked in the ET cell should elicit short-latency EPSCs in the PG/SA cell. To test this, we delivered current pulses (0.5-0.7 nA; 100 msec) through the recording pipette to evoke action potentials in the ET cell. In all six cell pairs, evoked ET cell spikes were followed by EPSCs in the SA/PG cells at a latency of 0.85 Ϯ 0.05 msec (Fig. 4C, right) . Individual ET cell spikes appeared to trigger single EPSCs in PG/SA cells (Fig. 4C) , although occasionally the first spike in a burst failed to trigger an EPSC.
ET cells provide intraglomerular, glutamatergic input to PG and SA cells
The preceding analysis suggested that ϳ27% (6 of 22) of ET-SA/PG cells pairs are monosynaptically coupled; however, because the methodology used, i.e., searching for bursting cells with extracellular recordings did not allow us to determine whether ET-PG/SA cell pairs were in the same glomerulus, the degree of synchrony among JG cells of the same glomerulus may have been underestimated. To investigate this, we made dual, whole-cell recordings from ET-PG/SA cell pairs and filled them with biocytin to confirm their glomerular affiliation (Fig. 4) . Five cell pairs (three ET-PG and two ET-SA pairs) associated with the same glomerulus were investigated. We first examined how simultaneously recorded ET and PG/SA cells responded to ON stimulation. Such paired recordings showed that the onset of ON-evoked EPSP or EPSC in PG/SA cells occurs 4.3 Ϯ 0.2 msec later in PG/SA cells than in ET cells ( p Ͻ 0.05) (Fig. 2 E) . This value (4.3 msec) is consistent with the difference in the mean latencies of the ON-evoked EPSCs in ET cells (2.1 msec) and PG/SA cells (5.5-6.1 msec) when these cells were recorded individually (see above results). In contrast, ET cells always responded simultaneously when recorded in pairs, i.e., the time interval between the two EPSC onset latencies is near zero msec (Fig. 2 E) .
For all five ET-PG/SA cell pairs, spontaneous bursts of spikes in the ET cell were significantly cross-correlated with the bursts of EPSPs in the PG or SA cell (membrane potential crosscorrelation coefficient C m ϭ 0.50 Ϯ 0.06) (Fig. 4 A, B) . For three pairs, activity was highly correlated, but spike-triggered averaging did not indicate that the pairs were monosynaptically coupled, similar to the results for the nonsynaptically coupled pairs recorded extracellularly above (data not shown). For the other two of the five same-glomerulus pairs, spike-triggered averaging showed that EPSPs in the PG/SA cell occurred 0.85 msec after an action potential in the ET cell (Fig. 4 B3) , consistent with monosynaptic activation of the PG/SA cell by the ET cell (Feldmeyer et al., 1999) . Thus, when ET-SA/PG cells are confirmed to be asso- Note the temporal correspondence between spike and EPSC bursts in the two cells; area in the rectangle is shown at faster time scale at right. The left cross-correlogram (bin size ϭ 1 msec) of spike and EPSC trains shows significant correlated activity (coefficient of correlation ϭ 5.2) between the two cells. The same cross-correlogram, shown at faster time scale on the right, illustrates that the probability of occurrence of EPSCs in the PG/SA cell is maximal ϳ10 msec after the occurrence of the spikes in the ET cell. B, Synaptically coupled ET-PG pair. Inset (at right) of recording at faster time scale shows that each spike in the ET cell is associated with an individual short-latency (ϳ1 msec) EPSC in the PG/SA cell. The cross-correlogram shows a significant coefficient of correlation with a sharp peak (C ϭ 11.8) at a lag time of ϳ1 msec. C, The peak coefficient of correlation was significantly higher ( p Ͻ 0.005) in synaptically coupled ET-PG/SA pairs compared with nonsynaptically coupled pairs. ciated with the same glomerulus, the percentage of synaptically coupled cells is higher [40% (two of five pairs)] than the 27% obtained by the extracellular recording. In contrast, six ET-PG/SA pairs with dendrites that were in different glomeruli exhibited no significant cross-correlation in their membrane potentials (data not shown). These results indicate that JG cells in the same glomerulus have highly correlated spontaneous activity. They further suggest that synchrony among JG cells of the same glomerulus is mediated, at least in part, by monosynaptic excitatory input from ET cells to PG and SA cells.
Finally, we investigated the neurotransmitter involved in the ET-PG/SA cell monosynaptic relationship. Dual ET-PG/SA cell recordings were made as in the preceding experiment. The PG/SA cell was recorded in whole-cell voltage-clamp mode to record EPSCs. Cell-attached recordings were used to locate an ET cell for which spontaneous and current-evoked bursts of action potentials preceded EPSCs in the PG/SA cell by Ͻ1 msec, indicative of a monosynaptic relationship (Fig. 4C) . Next, the AMPA-kainate receptor antagonist CNQX was applied, and spike bursts were again evoked in the ET cell. In all such cases (n ϭ 4 pairs), ET cell-evoked bursts of EPSCs in SA and PG cells were entirely and reversibly blocked by CNQX (Fig. 4 D) ; spontaneous EPSCs in PG/SA cells were also abolished by CNQX. Taken together, these results demonstrate that ET cells provide monosynaptic, glutamatergic, ionotropic receptor-mediated input to SA/PG cells.
ET cells of the same glomerulus have correlated activity
The preceding results show that a single ET cell spike generates, at most, a single EPSC in a simultaneously recorded, monosynaptically coupled PG/SA cell; however, the number of EPSCs in spontaneously occurring EPSCs bursts in PG/SA cells calculated previously (mean, 14.1) (Fig. 3 A, B , top traces) typically exceeds the mean number of spikes in spontaneous ET cell bursts [average 5.4 Ϯ 0.3 spikes per burst; n ϭ 72 cells (Hayar et al., 2004) ]. This suggests that PG/SA cells receive convergent monosynaptic input from multiple ET cells that had correlated activity. This hypothesis is also consistent with the previous finding that the spontaneous activity of multiple ET cells was correlated with that of an individual PG/SA cell. Because of their extensive dendritic ramifications throughout a single glomerulus, ET cells may interact to generate correlated activity, as do mitral cells having dendrites that terminate in the same glomerulus (Carlson et al., 2000; Westbrook, 2001, 2002; Urban and Sakmann, 2002) .
To investigate possible interactions among ET cells, we performed dual whole-cell recordings from 17 ET-ET cell pairs and constructed cross-correlograms of their membrane potentials (see Materials and Methods). The cells were filled with biocytin so that the glomerular affiliation of each cell could be determined by post hoc morphological analysis. Six of 17 ET cell pairs had dendrites that ramified in the same glomerulus (Fig. 5) . All six sameglomerulus pairs had significantly correlated activity (peak C m ϭ 0.54 Ϯ 0.02; range, 0.27-0.73; peak lag time ϭ 0 -10 msec) (Fig.  5A ). In contrast, activity was not significantly correlated in 7 of 11 ET cell pairs associated with different glomeruli. In the other 4 of 11 different-glomerulus pairs, membrane potentials were correlated (C m ϭ 0.44 Ϯ 0.06; range, 0.36 -0.61), but with a long time lag (115 Ϯ 19 msec; range, 62-150 msec) (Fig. 5B) . Because we have shown recently that SA cells synaptically contact JG cells across glomeruli over long distances (up to 1 mm) (Aungst et al., 2003) , it is possible that SA cells coordinate activity among ET cells in different glomeruli.
Correlated activity could arise from common excitatory inputs to ET cells of the same glomerulus. To investigate this possibility, we measured correlated activity (filtered membrane potential after spike truncation; see Materials and Methods) before and after adding a mixture of fast synaptic blockers (CNQX, 10 M; APV, 50 M; gabazine, 10 M). In three of three sameglomerulus ET cell pairs, correlated membrane potentials persisted, and in fact increased, in the presence of fast synaptic blockers (control: C m ϭ 0.62 Ϯ 0.2; blockers: C m ϭ 0.71 Ϯ 0.3; p Ͻ 0.05) (Fig. 5A) . Thus, although fast synaptic transmission might be involved in setting the precise timing of burst occurrence in Figure 4 . ET cells provide excitatory synaptic input to PG and SA cells. A1-A3, Simultaneous whole-cell current-clamp recordings from an ET cell (blue trace) and a PG cell (red trace). A1, ET cell spike bursts are closely associated with the bursts of EPSPs in the PG cell. A2, Crosscorrelogram of the membrane potentials of the ET cell to the PG cell reveals synchronous activity with a peak correlation coefficient (C m ) of 0.67. A3, Reconstruction shows that both recorded cells (ET, blue; PG, red) have dendrites in the same glomerulus. B1-B3, Simultaneous whole-cell current-clamp recordings from an ET cell (blue trace) and a PG cell (red trace) associated with the same glomerulus. B1, ET cell spike bursts are closely associated with the bursts of EPSPs in a PG cell. B2, Cross-correlogram of the membrane potentials of the ET cell to the PG cell reveals synchronous activity with a peak C m of 0.49. B3, Burst-triggered averaging demonstrates that ET cell bursts (blue superimposed traces, triggered on the first spike in the burst) evoke shortlatency bursts of EPSPs in the PG cell (red traces; black line is the average of 17 traces). The latency from the peak of the first ET cell spike to the onset of the averaged evoked EPSP is 0.85 msec. C, Dual recordings from an ET cell in cell-attached mode (blue traces) and a PG/SA cell in whole-cell voltage-clamp mode (red traces). Left panel (Spontaneous) shows 10 superimposed spontaneous spike burst-triggered traces (triggered on the first spike in the burst); black line is the average of 135 similar traces. Note that spontaneous action currents (blue trace) are accompanied by phase-locked busts of EPSCs (red trace). Right panel (Evoked) shows an example of a burst of EPSCs (red trace) evoked by a burst of spikes elicited by extracellular injection of a positive current pulse (700 pA; 100 msec). Note close correspondence between evoked spikes in the ET cell and EPSCs in the SA/PG cell. D, Recordings from the same two cells shown in C before (Control), during, and after (Wash) application of CNQX (10 M). Note that bursts of EPSCs (red traces) in the SA/PG cell elicited by current injection-evoked spikes (blue traces) in the ET cell are completely blocked by CNQX (middle) in a reversible manner (right). CNQX also reversibly abolished spontaneous EPSCs. All panels show five superimposed sweeps.
correlated ET cell pairs, it is not essential for maintaining their correlated activity.
ET cells spontaneously generate bursts of action potentials riding on distinct slow depolarizing membrane potentials. Because membrane potentials among same-glomerulus ET cells are correlated, we asked whether spike bursting is correlated. It was not possible to correlate bursting in whole-cell recording because bursting undergoes rundown, and spontaneous bursting stops in ET cells within 2-15 min (mean, 7.2 Ϯ 1.9 min; n ϭ 6 cells) after whole-cell configuration is established (Hayar et al., 2004) . Because ET cells are the only JG cells that exhibit spontaneous bursting, however, they are readily identified in extracellular recordings in which recording configuration their activity is stable. Thus, we obtained long-term (Ͼ5 min) extracellular recordings from 24 ET cell pairs (Ͻ100 m apart) having bursts that appeared to coincide on-line. For these pairs, the mean peak of the spike train cross-correlation coefficient ( C) (see Materials and Methods) was 4.2 Ϯ 0.7 (range, 1.3-15.5), with a mean time lag of 20 Ϯ 5 msec (range, 0 -105 msec). As with the whole-cell recordings, correlated bursting activity was maintained and, indeed, enhanced in the presence of fast synaptic blockers (n ϭ 14; control: C ϭ 3.8 Ϯ 0.9 vs synaptic blockers: C ϭ 6.9 Ϯ 2.0; p Ͻ 0.05) (Fig. 6 A, B) . Thus, unlike mitral cells (Carlson et al., 2000) , correlated activity among ET cells does not require activation of glutamatergic or GABAergic ionotropic receptors. It is possible that ET cells of the same glomerulus communicate via gap junctions as has been suggested for mitral cells (Schoppa and Westbrook, 2002) .
There was no significant correlation (r ϭ Ϫ0.3; p ϭ 0.2) between the peaks of the cross-correlations and the difference in the mean bursting frequencies for cells in a given pair (mean, 1.3 Ϯ 0.3 bursts/sec; range, 0.1-5.5 bursts/sec; n ϭ 24 pairs). Thus, ET cells need not have similar bursting frequencies to have significantly correlated bursting (Fig. 6 B) . C values, however, were negatively correlated with the bursting frequency (n ϭ 48 cells; r ϭ -0.44; p ϭ 0.001) (Fig. 6C) . Thus, correlated bursting was higher among ET cells with relatively low burst frequencies. This suggests that coupling, whatever the mechanism(s), is stronger among slow bursting ET cells of the same glomerulus. A similar frequency-dependent synchrony was reported in pairs of locus coeruleus neurons in adult rats and was attributed to a weak gap-junctional coupling (Alvarez et al., 2002) . 
Discussion
The present results taken with two other recent studies (Aungst et al., 2003; Hayar et al., 2004) show that each glomerulus contains three populations of morphologically and functionally distinct juxtaglomerular neurons: ET, PG, and SA cells. ET cells receive direct ON input and in turn provide intraglomerular monosynaptic excitatory input to many SA and PG interneurons that do not receive direct ON input. This synaptic arrangement causes rhythmic spike bursts in ET cells to elicit bursts of EPSPs or EPSCs in PG and SA cells of the same glomerulus. Activity among ET cells of the same but not different glomeruli is highly correlated even in blockers of synaptic transmission. Thus, the glomerular circuitry may amplify (Hayar et al., 2004) and synchronize ON input to the brain.
Juxtaglomerular neurons and glomerular circuitry
Although the slice preparation may underestimate the connectivity present in the intact animal, this did not prevent us from delineating the different types of cells and their synaptic arrangement. The morphological characteristics of ET, SA, and PG cells reported here are consistent with classic (Pinching and Powell, 1971a,b) and recent (Aungst et al., 2003) findings. ET cells have a primary dendrite that ramifies extensively in a single glomerulus. PG cells have a relatively small soma with short thin dendrites ramifying within a restricted portion of a single glomerulus. The dendrites of SA cells extend into several neighboring glomeruli and contrary to their "classic" name, "short axon," have axons that extend up to 1 mm within the glomerular layer (Aungst et al., 2003) .
ET cells are characterized by rhythmic spontaneous spike bursts (Hayar et al., 2004 ; this study). The present experiments show that all ET cells receive monosynaptic ON input and, furthermore, that if the amplitude of an ON-evoked EPSP reaches threshold for spike generation, a spike burst is always triggered. Additional increases in ON stimulation strength produce the same all-or-none burst. Thus, ET cells receive monosynaptic ON input that is converted into an all-or-none spike burst. Accordingly, ET cells amplify suprathreshold sensory input at the first stage of synaptic transfer in the olfactory system.
The spontaneous and ON-evoked activity patterns of SA and PG cells differ markedly from ET cells. PG and SA cells have relatively low levels of spontaneous spike activity and lack the capacity to generate spike bursts in response to depolarizing currents. The majority of PG cells exhibited longer latency, prolonged bursts of EPSP or EPSCs in response to ON stimulation than ET cells. The long variable latency of these responses is indicative of disynaptic or polysynaptic ON input. Only 20% of PG cells had short relatively constant latency EPSCs after ON stimulation, and in some of these cells the short-latency synaptic response was followed by a delayed burst of EPSP or EPSCs. SA cells also responded to ON stimulation with long variable latency and prolonged bursts of EPSPs or EPSCs and never exhibited responses consistent with monosynaptic ON input. These findings indicate that (1) SA cells and most PG cells lack direct ON input and (2) ET cells along with mitral/tufted cells are the major postsynaptic targets of ON inputs.
Anatomical studies suggest a compartmental organization of the glomeruli, consisting of two subregions, one richly and another poorly targeted by ON terminals (Kosaka et al., 1997; Toida et al., 1998 Toida et al., , 2000 Kasowski et al., 1999) . Because the present findings indicate that as many as 80% of all PG cells lack monosynaptic ON input, this suggests that most PG cells are functionally associated with glomerular compartments lacking ON terminals. Calbindin-positive JG neurons extend their dendrites only into glomerular compartments devoid of ON terminals, suggesting that they do not receive direct sensory innervation (Toida et al., , 2000 . Thus, some PG cells lacking ON input in the present study may be calbindin positive. These PG cells might provide localized inhibition to mitral/tufted cell dendrites or other nearby JG cells. Dopaminergic and GABAergic PG cells presynaptically inhibit ON terminals (Hsia et al., 1999; Wachowiak and Cohen, 1999; Aroniadou-Anderjaska et al., 2000; Berkowicz and Trombley, 2000; Ennis et al., 2001 ). Because at least 20% of PG cells receive monosynaptic ON input, it is possible that they mediate presynaptic inhibition of the ON. In contrast to PG cells, SA cells extend dendrites and axons across multiple glomeruli and are involved in interglomerular functions, such as center-surround inhibition of neighboring glomeruli (Aungst et al., 2003) (Fig. 7) .
ET cells are a major excitatory relay in the glomerular circuit All SA and PG cells respond to ON stimulation but SA and most PG cells lack monosynaptic ON input; however, ET cells do receive monosynaptic ON input and, as shown in the present experiments, provide monosynaptic excitatory glutamatergic input to SA/PG cells of the same glomerulus. Mitral/tufted cells may also relay ON input to PG/SA cells as they form asymmetrical excitatory dendrodendritic synapses with JG neurons (Pinching and Powell, 1971a,b; Toida et al., 1998 Toida et al., , 2000 Kasowski et al., 1999) . However, because (1) SA/PG cells receive spontaneous and ON-evoked bursts of EPSPs, (2) ET cells, but not mitral cells, spontaneously generate spike bursts in vitro (Heyward et al., 2001; Hayar et al., 2004) , and (3) ET cells provide monosynaptic (Hsia et al., 1999; Wachowiak and Cohen, 1999; Aroniadou-Anderjaska et al., 2000; Ennis et al., 2001) . SA cell axons project to multiple glomeruli and mediate center-surround inhibition (Aungst et al., 2003) . Synchronously bursting ET cells are coupled and may coordinate the glomerular network.
